Abstract: Sudden unexpected death in epilepsy (SUDEP) refers to the sudden and unexpected death of an epileptic patient with no other health issues, during normal activity, and for whom no other particular cause of death can be found. The exact cause of SUDEP has not been established yet; however, it is assumed to be caused by multiple organ failure involving the respiratory and cardiovascular systems. Some of the known risk factors are generalized tonic-clonic seizure, frequent epileptic seizure, early onset of epilepsy, long duration of seizure, nocturnal seizure, and combined therapy with antiepileptics. A number of seizure-related cardiac arrhythmia cases have been reported. Arrhythmias are mostly benign tachycardia or bradycardia, and ventricular fibrillation (VF) or asystole is very rare. It is considered that fatal cardiac arrhythmia is a cause of SUDEP. Here, we describe the case of a near-SUDEP patient who was successfully revived without complications by immediate defibrillation with an automated external defibrillator and cardiopulmonary resuscitation, although VF occurred after a convulsive seizure. Based on our experience, when treating a patient with an epileptic seizure, one should always keep in mind the possibility of SUDEP as a seizure-induced emergency situation involving fatal arrhythmia and cardiac arrest, even in young healthy adults.
Introduction
Sudden unexpected death in epilepsy (SUDEP) refers to a sudden and unexplained death in a patient with epilepsy that is not attributable to trauma, drowning, status epilepticus, or another known cause but for which there is often evidence of an associated seizure. 1 The etiology of SUDEP remains unknown. Multiple pathophysiologic factors are thought to be involved with respiratory and cardiac dysfunctions being the main ones. Seizure-related cardiac arrhythmias are frequently reported and have been implicated as potential mechanisms underlying SUDEP. 2 The most common periictal arrhythmia is sinus tachycardia, which accompanies 90% of all seizures. Bradycardia and asystole are uncommon and occur in only about 0.5% of seizures. 3 Post-ictal arrhythmias, including asystole, atrioventricular (AV) block, and the less prevalent atrial fibrillation (AF) and ventricular fibrillation (VF), usually occur after a convulsive seizure and are frequently associated with SUDEP. 2 To date, only in a few cases of VF arising from a seizure, near-SUDEP has been reported. [4] [5] [6] [7] Here, we report a rare case of VF that was been successfully managed using defibrillation with an automatic external defibrillator (AED) and cardiopulmonary resuscitation (CPR) after a convulsive seizure.
Case presentation
A 48-year-old female patient presented to the emergency department (ED) after CPR due to VF that occurred after a seizure. Four years prior, she presented to other hospital ED and discharged after observation for a condition where her arms were raised and her limbs were stretched continually for approximately 1 min while sleeping after an episode of alcohol intake. She did not undergo any particular tests and neither was she administered any drugs, under the assumption that these symptoms were temporary and had been caused by alcohol intake. Three years prior, a similar episode occurred during sleep, for which some medical tests were conducted such as electrocardiogram (ECG), brain MRI, and electroencephalogram (EEG), but no conclusive results were reported. Drugs were also prescribed but not taken by the patient. One and a half year prior, the patient experienced another relapse again during sleep at dawn. According to the statement given by her husband who witnessed the episode at the time, for approximately 1 min while sleeping, the patient groaned with her mouth shut tightly, her arms raised, limbs stretched, and did not respond when called. Subsequently, her body collapsed, she stopped breathing for approximately 30-40 s, and then she breathed in a concentrated manner. Urination and post-ictal confusion were also noted. The patient had no family history of epilepsy or no medical history of febrile convulsion in the past, and only reported of the inability to sleep well and waking up frequently due to a burning sensation in the foot. In the previous hospital, the patient underwent video-EEG and polysomnography in an epilepsy monitoring unit (EMU) for two days to investigate the cause under the putative diagnosis of restless legs syndrome and nocturnal bilateral tonic seizure -frontal lobe epilepsy. Based on EEG findings, there was no inter-ictal epileptiform discharge and an intermittent slow wave was observed in the right frontotemporal area, but it was equivocal, and therefore, no clear abnormality was reported. Subsequently, administration of pramipexole and pregabalin was started to control the rare nocturnal seizures and symptoms of the restless legs syndrome under the putative diagnosis of restless legs syndrome and unknown etiologic epilepsy -bilateral tonic seizure.
On the day before current admission, her epileptic seizure relapsed during sleep but she recovered consciousness immediately; thus, she did not come to the hospital. In the evening of the admission day, while conversing with her children, she suddenly had a general tonic-clonic type seizure for 2-3 mins and emergency medical services (EMS) were informed as she did not recover consciousness immediately after the seizure like in previous episodes and her breathing was almost negligible. Following the instructions of the EMS center, her family started CPR. After the paramedics arrived, spontaneous circulation was restored after CPR and 2 times of defibrillation as VF was indicated by the AED findings (Figure 1) . At the time of ED arrival, the patient was stupor and her vital signs and oxygen saturation were normal with a blood pressure of 121/82 mmHg, pulse rate of 80 beats per minute, respiratory rate of 16 breathes per minute, and body temperature of 36.2°C. ECG performed immediately after arrival showed a sinus rhythm with a heart rate of 78 beats per minute and QTc duration of 401 ms ( Figure 2 ). The initial arterial blood gas analysis (ABGA) showed a pH of 7.35, PCO 2 21 mmHg, PO 2 134 mmHg, HCO 3 11.6 mEq/L, and a lactate level of 6.1 mg/dL. Approximately 10 min after arrival, she regained consciousness but Todd's paralysis in the right limbs and global aphasia were shown. The repeat ABGA showed that all values had recovered to normal levels. All other blood test results were normal, including electrolyte and myocardial enzyme levels. Levetiracetam was administered intravenously in the ED. Brain diffusion MRI showed no abnormality. Thereafter, the patient was admitted to the cardiology intensive care unit (ICU) and received a full cardiologic work-up. After admission to the ICU, her consciousness was maintained in an alert state, the paralysis in the right limbs and aphasia resolved completely, and the EEG showed normal results. Transthoracic echocardiography performed on the day after admission showed that the left ventricle ejection fraction (LVEF) was reduced to 44%, and left ventricle global hypokinesia and moderate systolic dysfunction were observed. After that, consecutively performed coronary angiography (CAG), spasm provocation test, cardiac MRI, and 24-hr Holter monitoring showed normal results. For the purpose of preventing sudden cardiac death (SCD), the insertion of an implantable cardiac defibrillator (ICD) was recommended. The patient was discharged without any complications 6 days after the procedure. Currently, levetiracetam administration is being maintained by the neurology department and her condition is being periodically followed by the cardiology department under the diagnosis of aborted SCD due to VF and heart failure with midrange ejection fraction. 
Discussion
Near-SUDEP is defined as more than 1-hr survival from cardiopulmonary arrest after a seizure that has no identified structural cause after investigation. 8 A few cases of VF arising from seizure have been reported. [4] [5] [6] [7] One patient had a basal first degree AV block, but had no major risk factors for VF, as indicated by normal CAG and electrophysiology study findings, except focal LV wall hypokinesia. 4 In another case report, the patient had normal cardiac workup results (normal basal ECG, transthoracic echocardiography, and cardiac MRI). 5 In the third case report, the patient had VF after a seizure. 6 The authors argued that the evidence was not conclusive regarding underlying cardiovascular risk factors and basal ECG abnormalities being attributable for the increase in the risk of SUDEP, but the patient was Figure 2 Initial electrocardiography performed in the emergency department showed sinus rhythm with a heart rate of 78 beats per minute and normal range corrected QT interval. 
DovePress
considered to be at high risk for primary VF and SCD at any time due to previous structural heart diseases, such as myocardial infarction, dilated cardiomyopathy, and AF. In a previous report on anesthesia induction for chronic epilepsy surgery, VF occurred after the insertion of a guidewire through the right subclavian vein, and the patient recovered after CPR. 7 However, it was unclear whether VF was induced by the guidewire and whether a seizure occurred or not, and there were no cardiac workup results to rule out structural heart disease. In the last two cases, it was not clear if the patients satisfied the near-SUDEP definition. In the present case, the patient had a convulsive seizure with respiratory failure, and her caregiver immediately started CPR. After the paramedics arrived, defibrillation was successfully performed using an AED and spontaneous circulation was restored. Echocardiography showed mid-range HF as LVEF was reduced, but a number of cardiac examinations could not detect a clear structural heart disease that could be the cause of VF; thus, we think that it was a case of seizure-induced VF and near-SUDEP. Many previous studies have suggested that the cause of SUDEP is multifactorial and incorporates factors such as respiratory, cardiac, cerebral, and autonomic dysfunction. 9 Impaired respiration (respiratory arrest, labored breathing, suffocation in prone position, and laryngeal spasm) as a cause of death is supported by data from multiple studies in animals and evidence from most witnessed and recorded instances of SUDEP. 1 Seizures and the post-ictal state can affect the brain stem respiratory centers. Central and obstructive apnea are both observed during a seizure. Respiration depends on brain stem activity, and thus, prolonged suppression stops respiration. 1 The basis for the airway obstruction was demonstrated to be seizureinduced laryngospasm. 10 Cardiac events are considered to be likely culprits in some SUDEP cases. 1 Tachyarrhythmia, bradyarrhythmia, asystole, AF, supraventricular tachycardia, and AV blocks are commonly reported during ictal, inter-ictal, and post-ictal phases in patients with epilepsy. However, the degree to which these rhythm disturbances contribute to SUDEP is unclear.
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Lende et al 2 reviewed 178 case reports and series, and no deaths were reported suggesting that ictal arrhythmias are self-limiting. In contrast, post-ictal arrhythmias (asystole: 13 cases, AV block: 2 cases, and the less prevalent AF: 14 cases and VF: 3 cases) usually occurred after a convulsive seizure and were frequently associated with (near-) SUDEP.
The precise mechanisms underlying SUDEP and VF arising from a seizure are not clear. Cardiac fibrosis and myocyte hypertrophy, increased QT interval lengths and dispersion (channelopathies and long QT interval syndrome), evidence for increased sympathetic tone, and decreased parasympathetic tone all make investigating whether VF may be a cause of SUDEP. 12, 13 In previous studies, the most common pathology involving the cardiac system was fibrosis of the myocardium, but a recent study did not report elevated prevalence of cardiac fibrosis among SUDEP cases. 14 Hypoxia could lower the threshold for cardiac arrhythmias during the seizure, especially in patients with channelopathies affecting both brain and cardiac tissue (long QT-syndrome type 2). 1 In one EMU study, potentially high-risk cardiac arrhythmias were associated with the duration of peri-ictal hypoxia. 15 Each seizure was able to increase parasympathetic activity and sympathetic tone by about 10-fold. Increased autonomic nervous system activity resulted in changes in the heart rate and rhythm, which could be brady or tachyarrhythmia. 10 Increased sympathetic activity and catecholamine rush have also been implicated as triggers for VF. 2 In animal model studies, authors suspected that periods of severe bradyarrhythmia or asystole might disable some regions of the intrinsic conduction system or ventricular myocardium thereby disrupting the normal sequential activation of myocytes and favoring VF. 10 Badheka et al 16 investigated the outcomes of six epileptic survivors from SCD using the antiarrhythmics versus ICD study database. In that study, epilepsy was a significant predictor of recurrent, life-threatening ventricular arrhythmias and cardiac death. To this day, no large studies of epilepsy patients with an ICD have demonstrated a beneficial effect in terms of SUDEP prevention. 17 Since the precise mechanism of development of cardiac arrhythmias due to epilepsy has not yet been elucidated, it seems inappropriate to implant cardiac pacemakers and apply defibrillators in all epilepsy patients. Further studies are needed to determine which patients are at the highest risk and to determine the effectiveness of ICDs for SUDEP prevention. Several risk factors predisposing patients to SUDEP have been considered. The severity of epilepsy, such as tonic-clonic seizures, frequent seizures, early onset epilepsy, and long duration of seizure, polytherapy with antiepileptic drugs, and nocturnal seizures have been reported as risk factors. 1, 9 Patients in other previous case reports had many of these risk factors. Moreover, these patients had a relatively long disease period with chronic, refractory, and uncontrolled seizures despite antiepileptic drug polytherapy. 4, 5 As for the present patient, the disease period was relatively short as the epilepsy had developed 4 years ago, and only one antiepileptic drug had been administered as epileptic seizures rarely occurred, and after administration, there had been no relapses until recently. Altogether, this was a near-SUDEP case where VF occurred during the 5th seizure since epilepsy development. Therefore, it can be inferred that SUDEP can occur early in the course of epilepsy and in patients who rarely have seizures. However, why sudden death occurs in some patients after only a few seizures is unclear. Convulsive syncope caused by cardiac arrhythmias is likely to be misdiagnosed as epilepsy because they share several clinical features. 18 In the present patient, EEG and video-EEG monitoring were performed after several previous episodes of seizures, but the epilepsy was diagnosed based on the patient guardian's statement and treated because definite inter-ictal epileptiform discharge was absent. EEG is useful in patients with epilepsy, but its sensitivity is low. 19 Video-EEG monitoring requires that seizures should occur at a sufficient frequency to be recorded over several days of examination. Therefore, EEG was not useful in the differential diagnosis of epilepsy and convulsive syncope in this case since the patient had only rare seizure events. Further examinations such as exercise treadmill testing, provocative drug ECG testing, genetic testing, and electrophysiological studies can be considered for differentiating between epileptic seizure and convulsive syncope. 18, 19 In this case report, the patient had a brief post-ictal period at one day before the admission; thus, convulsive syncope can be considered. However, there was a relatively long post-ictal period in the last episode, which lasted from the onset of seizures until 10 mins after arrival at the ED. Furthermore, Todd's paralysis, a reversible, temporary right limb paralysis and global aphasia, which can accompany epileptic seizures, was observed in the period between recovery of consciousness in the ED and after admission to the ICU. Thus, we believe that it is more likely that this patient's loss of consciousness and convulsive seizure were caused by an epileptic seizure rather than convulsive syncope due to primary cardiac arrhythmias, and that the VF was caused by the epileptic seizure.
As for the present patient, although the previous epileptic seizures were all nocturnal seizures that occurred during sleep, when VF occurred, the convulsive seizure occurred in an alert state during daily life activities and the duration of seizure was relatively longer when compared with the previous seizures. Moreover, the condition of the seizure changed as this episode was a tonic-clonic type seizure, whereas the previous seizures were tonic-type seizures. It is unclear whether the patient's epilepsy gradually deteriorated despite the antiepileptic drug administration.
It is unclear whether the present patient's seizurerelated VF accompanied the occurrence of seizure or if it was secondary to apnea-related hypoxia because this was a pre-hospital emergency case wherein video-EEG, ECG, and pulse oximetry were not simultaneously performed in the EMU. This is considered a limitation of the case presented here. Seizure-induced VF is likely to be underreported. This is probably because unlike in this patient, defibrillation and CPR are not performed immediately, often resulting in SUDEP. More future case reports and studies are needed to clarify the mechanisms of seizureinduced VF.
Conclusion
SUDEP is known to often occur in severely epileptic patients who have a long disease period, use multiple drugs in combination, and have a number of risk factors that cannot be well controlled. However, regardless of these factors, all patients with epilepsy are susceptible to SUDEP. When treating a patient with an epileptic seizure, one should always keep in mind the possibility of SUDEP as a seizure-induced emergency situation involving fatal arrhythmia and cardiac arrest, even in young healthy adults.
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